Apolipoproteins (apo) are lipid binding proteins involved in the transport of cholesterol, triglycerides, and phospholipids in the plasma. Defects in apolipoprotein structure or biosynthesis may result in disorders of the plasma lipid transport system and the development of coronary artery disease (1) . It has recently been shown that mutations in the genes coding for apoAI and apoCIII are associated with premature coronary artery disease and hypertriglyceridemia, respectively (2) (3) (4) .
Structural homologies in the amino acid sequences of certain apolipoproteins-namely, Al, All, CI, and CIIIhave led to the speculation that all of these proteins arose from a common evolutionary precursor (5) . Genes of common evolutionary origin are members of multigene families and in many cases are closely linked (6) . The human apoAI and apoCIII genes are linked (7) , and therefore it is possible that additional related genes may be located in their vicinity.
This report shows that a third apolipoprotein gene, apoAIV, is located 12 kilobases (kb) 3 ' to the apoAI gene and suggests that apoAI, apoCIII, and apoAIV genes are members of a multigene family generated from a common evolutionary precursor. In addition, it is shown that a cDNAderived human apoAIV protein sequence contains 22-aminoacid-long repeats with the potential of forming amphipathic helices.
MATERIALS AND METHODS
Construction, Screening of Bacteriophage Human DNA Libraries, and Isolation of Recombinant Clone DNA. Construction of a human lymphocyte chromosomal DNA library in the bacteriophage vector XL47.1 (8) was carried out as detailed (9) . An adult human liver cDNA library, in the bacteriophage vector XgtlO, was a generous gift of E. F. Fritsch. Screening of these libraries and preparation of recombinant X clone DNA was carried out as described (10) .
Blotting Methods and Radioactive Labeling of DNA. DNA and RNA blotting analyses were carried out as reported (11,, 12) . Restriction endonucleases were from New England Biolabs. Radioactive labeling of DNA was carried out by nick-translation (13) . Human DNA and RNA Purification. Human chromosomal DNA was prepared from blood (2) , and recombinant M13 replicative form DNA was isolated as described (14) . DNA fragments were isolated from low-melt agarose gels (BioRad), phenol-extracted, and precipitated with ethanol. The preparation of total RNA, generously provided by V. I. Zannis, was carried out according to a reported protocol (15) .
Nucleotide Sequencing Determinations and DNA Sequence Comparisons. DNA sequencing analysis was carried out either by the base-specific chemical cleavage method (16) or by subcloning various DNA fragments in M13 vectors (17) and using the resulting single-stranded DNA templates for DNA sequence determination by the dideoxy-chain termination method (18) . Comparisons of nucleotide sequence homologies were carried out using the SEQ computer program (19) .
RESULTS
Cloning and Characterization of a Human Genomic DNA Segment Containing the apoAI and apoClII Genes and Their Flanking Sequences. Screening of a human genomic DNA library with an apoAl cDNA probe resulted in isolation of several clones, one of which (XApoAI-6) was shown to contain both the apoAI and apoCIII genes (7, 14) . Another of these clones (XApoAI-8) was purified and mapped with restriction enzymes (Fig. 1) . This clone contains a portion of the apoAI gene, the entire apoCIII gene, and ==7 kb of the apoCIII gene 5' upstream sequences (Fig. 1) . A 1.2-kb EcoRI DNA fragment, located 12 kb 3' to the apoAI gene, was isolated from the clone XApoAI-8 and was used as a probe for screening 5 x 105 clones of a human lymphocyte DNA library. Three positive clones were isolated, and one of them (AApoAI-16) was mapped with restriction enzymes (Fig. 1) . Genomic mapping of the apoAI and apoClIl genes and their flanking sequences was carried out using as probes a 2.2-kb Pst I, a 1.0-kb BamHI/Pst I, or a 1.2-kb EcoRI DNA fragment containing apoAI (14) and apoCIlI (20) gene sequences or sequences located 12 kb 3' to the apoAl gene, respectively ( Fig. 1 B-D) . The previously using apoAl or apoCIII cDNA probes (3, 7, 14) . These results indicate that the apoAI and apoCIII genes and the 1.2-kb EcoRI DNA fragment, located 12 kb 3' to the apoAI gene, are all physically linked and tandemly organized in a 17-kb HindIII human genomic DNA fragment (Fig. LA) . The highly repetitive DNA elements in this region of the human genome were identified by restriction blotting analysis of purified XApoAI-6, XApoAI-8, and XApoAI-16 DNAs using as a probe total human chromosomal DNA (Fig. 1) .
The apoAIV Gene Is located 12 kb 3' to the apoAI Gene. A search for the presence of additional genes in the vicinity of the apoAI and apoCIII genes was carried out by hybridization of blotted human tissue mRNA with a probe prepared using the 1.2-kb EcoRI fragment located 12 kb 3' to the apoAI gene ( Fig. 1 ). The resulting autoradiogram shows that fetal intestine and adult liver, but not fetal liver, kidney, heart, brain, or muscle contain a 1.8-kb transcript with sequences homologous to this probe (Fig. 2 ). This probe was also used for screening 1.5 (21) . Furthermore, alignment of the XgtlO-2 and the rat apoAIV cDNA-derived amino acid sequences showed that 58.6% of their residues are identical while 8.6% of them represent conservative (22) substitutions (Fig. 4) . These results indicate that the clone XgtlO-2 contains sequences derived from adult human liver apoAIV mRNA and that the apoAIV gene is located 12 kb 3' to the apoAI gene. In addition, these results suggest that expression of the human apoAIV gene is tissue specific (fetal intestine) and developmentally regulated in human liver.
Linkage of apoAl, apoCIII, and apoAIV Genes and Determination of the Direction of apoAIV Gene Transcription. Both the human apoAI and apoCIII genes are located in a 10-kb 
O@0S *@U@@ 00-00 0 0 * 0 Kpn I DNA fragment. A 5-kb and a 15-kb Kpn I DNA fragment flank, sequentially, the 3' end of the apoAl gene (5' end of the apoCIII gene) (Fig. 1A) . The 220-bp and a 750-bp EcoRI DNA fragment, containing 5' and 3' apoAIV cDNA sequences respectively, were isolated from the clone Xgt1O-2 ( Fig. 3A) and used as probes for genomic blotting analysis of Kpn I-digested human chromosomal DNA. The resulting autoradiograms show that the 220-bp probe hybridizes to both a 5-kb and a 15-kb Kpn I fragment, while the 750-bp probe hybridizes only to a 15-kb Kpn I fragment (Fig. 5 ).
These results indicate that apoAI and apoAIV genes are transcribed in the same direction: opposite from the direction of apoCIII gene transcription (Fig. 1A) . These probes were also used for genomic blotting analysis of human DNA digested with HindIII. The resulting autoradiograms indicate that, similar to the apoAI and apoCIll genes (Fig. LA) , the apoAIV gene is located on a 17-kb HindIII DNA fragment (Fig. 5) .
Structure of apoAIV cDNA and Amino Acid Sequences. An amino acid sequence of the human apoAIV was obtained by in-frame translation of the cDNA sequence of the clone XgtlO-2 (Fig. 3B) . The same amino acid sequence was also obtained by using a different cDNA clone (XgtlO-8; data not shown). This sequence, however, is 18 residues shorter at its carboxyl terminus compared to the sequence obtained by yet a different apoAIV cDNA clone (XgtlO-3; to be established whether these differences represent different human apoAIV gene alleles or are due to cloning artifacts.
Inspection of the XgtlO-2 cDNA-derived apoAIV amino acid sequence revealed the presence of proline residues at regular positions of 22-amino-acid-long intervals (Fig. 3B) . Alignment of this sequence in blocks starting, whenever possible, with proline resulted in eight (I, II, III, IV, V, VI, VIII, IX) 22-and one (VII) 18-amino-acid-long segments (Fig.  6A) . The nucleotide sequences coding for these amino acid segments were similarly aligned (Fig. 6C) and a nucleotide consensus sequence was generated (Fig. 6D) . Comparison of this consensus sequence with each of the sequences coding for these amino acid segments indicates homologies ranging from 50.0% to 72.72% (Fig. 6C) . Computer analysis showed that, for the nucleotide sequences coding for the amino acid segments I, III, IV, V, VII, and VIII, these homologies are highly significant with E values of <0.001 while the E values for the sequences corresponding to segments II, IX, and VI are >1 and 0.0035, respectively. These results indicate that the 66-bp repeats in the apoAIV gene code for 22-amino acid repeats and suggest that the apoAIV gene may have evolved by intragenic amplification of an ancestral 66-bp sequence.
Comparison of the apoAIV nucleotide consensus sequence (Fig. 6D) with the similarly derived apoAI (14) or apoE (23) consensus sequences showed 50% and 56% homologies with E values of 0.95 and <0.001, respectively ( Fig. 6 E and F) . It is therefore likely that similar intragenic amplification of the same or a similar ancestral 66-bp sequence was involved in the generation of the apoAI, apoAIV, and apoE genes.
Alignment of the 22-amino acid repeats in human apoAIV facilitated the generation of an amino acid consensus sequence (Fig. 6A) . Plotting the residues in this sequence as a function of their hydropathic index (24) resulted in a pattern that alternates regularly between hydrophobicity and hydrophilicity (Fig. 6B) . Similar patterns were also obtained with each of the 22-amino acid repeats in human apoAIV (data not shown). These results indicate that the 22-aminoacid-long repeats in human apoAIV have the potential of forming amphipathic helices (24) .
DISCUSSION
An -30-kb DNA segment containing the human apoAI and apoCIII genes has been cloned and characterized. Hybridization studies showed that human fetal intestine and adult liver but not fetal liver, kidney, heart, brain, or muscle contain a 1.8-kb transcript with sequences homologous to a 1.2-kb EcoRI DNA fragment located 12 kb 3' to the apoAI gene. This 1.2-kb EcoRI fragment was used as a probe to isolate a clone from an adult human liver cDNA library. The cDNA sequence of this clone is significantly homologous to the rat apoAIV cDNA sequence and codes for a protein that is 58.6% identical to rat apoAIV. These results indicated that this cDNA clone is derived from human liver apoAIV mRNA and that the human apoAIV gene is located 12 kb 3' to the apoAI gene. Restriction mapping of human chromosomal DNA indicated that the apoAI, apoCIII, and apoAIV genes are linked and tandemly organized in a 17-kb HindIII DNA fragment and that the apoAI and apoAIV genes are transcribed in the same direction: opposite from the direction of apoCIII gene transcription.
The human apoAI gene contains 66-bp repeats possibly evolved by intragenic amplification of an ancestral 66-bp sequence (14) . Such amplification of a short ancestral DNA segment has also been implicated in the evolution of afetoprotein and albumin genes, and it has been suggested that the nucleotide sequence of this ancestral DNA segment resembled the consensus sequence of the internal repeats in these genes (25) . The human apoAIV gene contains 66-bp repeats with a consensus sequence 50% homologous to the consensus sequence of the repeats in the apoAI gene. It may therefore be suggested that the apoAI and apoAIV genes arose by intergenic duplication of an apolipoprotein AI/AIV gene precursor that evolved by intragenic amplification of an ancestral 66-bp sequence. Thus, the extensive homology of the human and rat apoAIV cDNA sequences may indicate that these intra-and intergenic duplication events occurred before mammalian radiation and that the apoAI and apoAIV genes may also be closely linked in the rat genome. Common evolutionary origin of the apoAI and apoClIl genes is suggested by their close physical linkage and by the presence ofintrons interrupting their coding regions at similar positions (7, 20, 26) . The linkage of the human apoCIII and apoAIV genes and the possible evolutionary relationship of the apoAI and apoAIV genes may therefore indicate that the apoCIII gene derived from the same ancestral sequence (CIII/AI/AIV ancestor) that gave rise to the AI/AIV gene precursor. Thus, absence of 66-bp repeats in the human apoClIl gene (20, 26) suggests either that the apoCIII gene diverged from the CIII/AI/AIV ancestor before divergence and intragenic sequence amplification of the AI/AIV gene precursor or that the apoCIIl gene lost its nucleotide sequence periodicity during its subsequent evolution. Clearly, structural characterization of the apoCIII gene in distantly related species may facilitate the unraveling of the evolutionary history of the apoAI/apoCIII/apoAIV multigene family.
Common evolutionary origin of the apoAI and apoE genes has been suggested by the extensive homology of consensus sequences generated from their nucleotide repeats and by the presence ofintrons interrupting their coding regions at similar positions (23) . The extensive homology (56%) of the consensus sequences of the repeats in the human apoE and apoAIV genes suggests that the apoE gene derived from a sequence evolutionarily related to the AI/AIV gene precursor. However, the apoAl and apoAIV genes are located on human chromosome 11 (27, 28) , while the apoE gene is located on chromosome 19 (23) . The apoCI and apoCII genes are also located on human chromosome 19 and the apoCII gene is genetically linked with the apoE gene (29) (30) (31) (32) . It is therefore possible that, similar to the apoAl, apoCIII, and apoAIV genes, the apoE gene evolved together with additional genes in its vicinity and that another apolipoprotein multigene family may be present on the human chromosome 19.
A part of the amino acid sequence of the human apoAIV protein was obtained by in-frame translation of the cloned apoAIV cDNA sequence. It is noteworthy that this analysis suggested that there may be two different apoAIV gene alleles coding for two amino acid sequences, one of them being shorter at its carboxyl terminus by 18 residues. However, this difference may be due to cloning artifacts and thus more work is needed to clarify this issue. Analysis of the hydropathic properties of the apoAIV amino acid sequence indicated that this protein contains 22-amino acid repeats with the potential offorming amphipathic helices. It has been suggested that such helices may be responsible for lipid binding and for activation of lecithin:cholesterol acetyltransferase by apoAIV (33, 34) . The cDNA-derived human apoAIV amino acid sequence may facilitate further understanding of these structure-function relationships for this protein.
It should, finally, be pointed out that the increased lymphatic secretion of apoAIV by fat feeding of humans (35) , the significant induction of liver apoAIV mRNA synthesis by chemically induced porphyria in rats (36) , and the synthesis of apoAIV mRNA by adult but not fetal human liver suggest that multiple factors are involved in regulation of apoAIV gene expression.
